This study aimed to determine how specific leaf area (SLA) and leaf dry matter content (LDMC) respond to N addition and understory vegetation removal in a 13-year-old Mongolian pine (Pinus sylvestris var. mongolica) plantation. Traits (SLA, LDMC, individual needle dry weight, N and P concentrations) of different-aged needles and their crown-average values were measured, and their relationships with soil N and P availability were examined. N addition and understory removal reduced soil Olsen-P by 15-91%. At the crown level, N addition significantly reduced foliar P concentration (by 19%) and SLA (by 8%), and elevated N concentration (by 31%), LDMC (by 10%) and individual leaf dry weight (by 14%); understory removal did not have a significant effect on all leaf traits. At the needle age level, traits of the previous year's needles responded more strongly to N addition and understory removal than the traits of current-year needles, particularly SLA and N concentration. SLA and LDMC correlated more closely with soil Olsen-P than with soil inorganic N, and LDMC correlated more closely with soil Olsen-P than SLA did. These results indicate that aggravated P limitation resulting from N addition and understory removal could constrain Mongolian pine growth through their effects on the leaf traits.
Enhanced nitrogen (N) deposition and the elimination of understory vegetation are two of the main drivers that affect soil nutrient availability in managed forests, and the altered nutrient availability has great potential to change the ecosystem structure and functioning. Human activities have more than doubled the rate of N input into terrestrial ecosystems worldwide, with this rate still increasing 1 . Anthropogenic N addition can greatly affect ecosystem structure and functioning, such as species composition, productivity and stability, not only by directly increasing soil N availability and altering the N cycle, but also by altering the availability of other nutrient elements, in particular phosphorus (P) [1] [2] [3] . Increased N supply can profoundly affect P availability by altering soil phosphatase activity, soil pH and plant P uptake [2] [3] [4] . N addition has been extensively studied worldwide, but its consequences on ecosystem processes are highly variable, and the underlying mechanisms are still not well understood 2 . Soil nutrient availability in managed forests can also be altered by management practices, such as the removal of understory vegetation. Traditionally, understory vegetation is removed in managed forests to reduce resource competition between trees and the understory community 5 . Increased soil available N in forest plantations by eliminating understory vegetation has been widely observed [6] [7] [8] . However, recent studies suggest that understory vegetation plays a positive role in maintaining the long-term structure and function of managed forests 9, 10 . Understory plant community can increase forest nutrient retention, as well as mediate the litter decomposition of overstory trees, due to its higher biomass turnover rate and more easily decomposable litter relative to the overstory trees [11] [12] [13] . More fieldwork is still needed to gain a better understanding of how the N deposition and understory removal affect ecosystem functioning.
A set of easily measured leaf traits has been identified as useful predictors of ecosystem functioning 14, 15 . Specific leaf area (SLA, defined as leaf area per unit dry mass) and leaf dry matter content (LDMC, defined as leaf dry mass per unit water-saturated fresh leaf mass), are key indicators of plant growth and strategy for resource acquisition and conservation, due to their tight link to relative growth rate, leaf net photosynthetic rate and leaf life span [16] [17] [18] . SLA reflects the ability of leaves to capture light, and consists of two components: leaf thickness and density (dry weight per unit volume), and the density is algebraically equivalent to LDMC. The merit of SLA makes it serve as an important input parameter to many large-scale ecosystem models 19 . SLA and LDMC not only vary among plant species but also react sensitively to variations in resource availability, e.g., light, humidity and nutrients 18, 20 . Considering that climate change and human disturbances have substantially altered nutrient availability and cycles 1, 21 , understanding how the variation in nutrient availability affects SLA and LDMC is urgent for predicting the dynamics of ecosystem functioning in a changing world.
The influence of soil nutrient availability on SLA is complex and largely uncertain. For trees, many studies conducted along natural nutrient gradients revealed positive impacts of increased soil nutrient availability on SLA [22] [23] [24] , but the negative or neutral impacts were often obtained from fertilization experiments [25] [26] [27] . Several factors have been considered as possible causes for the inconsistent results between studies, such as extent of nutrient limitation, covariation in light availability and tree species 18, 23 . Additionally, other factors could be largely responsible for the uncertainty in the relationship between soil nutrient availability and SLA, such as interactions between the availability of different nutrient elements and methodological problems of measuring SLA and leaf collection. Interactions among the availabilities of N, P and other elements can confuse the impacts of soil nutrient availability on SLA. Increases in the supply of one nutrient element can alter the supply of other nutrients, which may cause the nutrient imbalance in plants 2, 28 . However, most previous studies focused on the variation in a single nutrient, usually N, while the covariation in the supply of P and other elements has seldom been taken into account, even though variation in N supply can substantially affect the availability of P and other nutrient elements [2] [3] [4] 29 . Some studies suggest that LDMC is a better predicator of soil nutrient availability than SLA, as LDMC is more easily and accurately measured and less dependent on leaf thickness than SLA 17, 30, 31 . In addition, most previous studies on the leaf traits of Pinus only measured the current-year needles without considering the previous year's needles, despite old needles possibly being more sensitive to variations in soil nutrient availability than new needles due to the transfer of nutrients from old to new leaves 32 . The overall goal of this study was to determine how variations in soil N and P availability, induced by N addition and understory vegetation removal, affect foliar chemistry and morphology in a nutrient-poor Mongolian pine plantation. To achieve our goal, we examined the morphological traits and nutrient concentrations of different-aged needles and soil physiochemical properties and analyzed their correlations in a pure Mongolian pine (Pinus sylvestris var. mongolica) plantation that has been subjected to five years of N addition and understory removal. We expected that: (1) N addition would elevate N availability, but decrease soil P availability by depressing soil microbial activity and acidifying the soil 3, 33 . (2) The removal of understory vegetation would increase soil available N and P concentrations, as it will reduce plant nutrient uptake. (3) SLA and LDMC would be more strongly correlated with soil available P than with available N, as N addition is expected to reduce soil P availability and thus intensify P limitation. (4) The previous year's needles would be more sensitive to variations in nutrient availability than current-year needles. Given that Mongolian pine is one of the most widespread tree species planted at infertile sites with low N and P availability in northern China 34, 35 , the results of the present study can provide useful information for simulating and predicting the growth and adaptation responses of pine stands to variations in nutrient availability induced by climate change and artificial disturbances.
Results
Soil physiochemical properties. N addition significantly elevated total N concentration and reduced soil pH, while understory removal and its interaction with N addition did not affect these variables (Supplementary Table 1 ). Soil Olsen-P concentration was significantly affected by N addition and its interaction with understory removal (Supplementary Table 1) as it was 15%, 91% and 39% lower in the U− (understory removal), N+ (addition of 10 g N m −2 year −1 ) and N + U− (combination of N addition and understory removal) plots than in the control plots (the control without any disturbance, Table 1 ), respectively. Soil NO 3 -N and NH 4 + -N concentrations were significantly affected by N addition and its interaction with understory removal, but not by understory removal alone (Supplementary Table 1 ). Soils in the N+ and N + U− plots had 2.8 and 4.4 times higher NO 3 -N and 5.4 and 11.9 times higher NH 4 + -N concentration than soils in the control plots (Table 1) , respectively. N addition and understory removal both significantly reduced microbial biomass C (MBC) concentration, by an average of 26% relative to the control (Table 1 and Supplementary Table 1 ). There were no significant effects of any treatment on soil water content and concentrations of total P and soil organic C (SOC).
Pearson's correlation analysis showed that soil NO 3 -N and NH 4 + -N concentrations were correlated negatively with Olsen-P (r = −0.61, p = 0.013, and r = −0.56, p = 0.023) and pH (r = −0.67, p = 0.005, and r = −0.80, p = 0.000), but not with other soil variables. Soil Olsen-P and MBC were correlated positively with pH (r = 0.67, ) Total N (g kg Needle nutrition and morphological traits. Based on our tests for the treatment effects on the mean values of needle traits at the crown level, we found that all needle traits were significantly affected by N addition, but not by understory removal (Supplementary Table 1 ). Trees in the N+ plots had significantly lower SLA (8%), and higher LDMC (10%) and individual leaf dry weight (14%) than trees in the control plots (Fig. 2 ). Needle N:P ratio and N concentration were significantly higher (4-31%) and needle P concentration was significantly lower (19-22%) in the N+ and N + U− plots than in the control plots, respectively (Fig. 2) .
When we tested for the effects of treatment on needle traits separately for different-aged needles, we found that our experimental treatments generally had similar effects on needle traits for all age classes, but the magnitude of these effects largely depended on needle age, with the greater effects on 2-and 3-year-old needles. N addition and understory removal reduced SLA by 8-17%, and the reduction was insignificant for current-year needles (Fig. 2a) . LDMC was significantly higher (8-12%) in the N+ plots than in the control plots for needles of all age classes and was significantly affected by the U− and N + U− treatments only for current-year and 3-year-old needles (by approximately 5%, Fig. 2b ). The treatment effects on needle dry weight were generally greatest for 2-year-old needles (Fig. 2c) . N addition significantly reduced P concentration (15-28%) and increased the N:P ratio (21-37%) in needles of all age classes, and generally increased N concentration (3-11%) in all previous year's needles but not in the current-year needles (Fig. 2d,e and f) . Understory removal had almost no significant effects on needle N and P concentrations and the N:P ratio for needles of all age classes.
Needle age had strong direct effects on most of the needle traits. The individual dry weight significantly increased by 1.4 times, LDMC increased by 20%, and N:P ratios increased by 37% with increasing needle age; SLA decreased by 34%, and the concentration of P and N decreased by 51% and 32%, respectively, with increasing needle age (Supplementary Table 2 ).
Correlations between needle traits and soil properties. To reveal how the variation in soil nutrient availability affects needle nutritional and morphological traits, we conducted the Pearson's correlation analyses between soil nutrient availability (indicated by soil inorganic N and Olsen-P) and needle traits at the crown and needle age levels. At the crown level, and for needles of all age classes, needle P concentration was significantly correlated with soil Olsen-P concentration (r = 0.60-0.74, p < 0.02, Table 2 and Fig. 3a ), and N:P ratio was positively correlated with soil inorganic N (r = 0.72-0.84) and negatively with Olsen-P (r = −0.63-− 0.79, p < 0.01, Table 2 ). In contrast, needle N concentration was significantly correlated with soil inorganic N concentration only for 2-year-old needles (r = 0.74, p = 0.001) and for the mean value at the crown level (r = 0.53, p = 0.035, Fig. 3b) .
At the crown level, LDMC was positively correlated with soil Olsen-P, and not correlated with soil inorganic N; SLA was not correlated with either Olsen-P or inorganic N. While individual needle dry weight was significantly correlated with inorganic N (Table 2 ). For specific age classes, LDMC was still positively correlated with soil Olsen-P, but not with inorganic N for needles of all age classes ( Fig. 3c and d) ; SLA was positively correlated with soil Olsen-P for 2-and 3-year-old needles, and negatively with soil inorganic N for 2-year-old needles (Fig. 3e and f) . 
Discussion
Soil Olsen-P was reduced by both N addition and understory removal in the Mongolian pine plantation, with a stronger effect of N addition (Table 1 ). This result supports our first expectation that N addition would reduce soil available P, but contradicts our second expectation that the removal of understory vegetation would increase soil available N and P. In the present study, understory removal slightly reduced soil Olsen-P concentration and did influence inorganic N, the mechanisms of which are difficult to explain, as we did not fully study the N and P transformation processes. Removal of understory vegetation can not only directly increase available soil nutrients by decreasing nutrient uptake but can also indirectly influence nutrient cycling processes via many ways, such as its impacts on soil microorganisms, temperature, moisture, and rhizodeposition 7, 8, 13 . Understory removal was found to decrease soil microbial biomass and activity, as well as increase nitrate leaching and N 2 O flux in forest plantations 8, 13, 36 . Increased and unchanged available N from understory removal has been reported previously 6, 7, 37 . N addition can affect P availability via altering the soil pH and phosphatase activity, and via promoting P uptake [2] [3] [4] . Soil pH is a primary factor affecting soil P availability. When soil pH ranges from 4 to 6.5, soil available P decreases with the reduction in pH, because more phosphate is adsorbed by or precipitated with Fe 3+ , Al 3+ , and Mn 2+ ions that are released with soil acidification 37 . Soil acidification is one of the main consequences of N deposition for soils with low buffer capacity 1 ; this is the case in the present study, as N addition reduced soil pH by 1 unit. N addition was widely found to enhance soil phosphatase activities, and thereby release phosphate from organic matter to alleviate the P deficit 2 . However, the released P is rapidly absorbed by roots and microorganisms and is insufficient to balance the decrease in soil available P 4 . In addition, elevated tree growth with N addition can reduce soil available P concentration by increasing the P uptake by trees. In the present study, the amount of P absorbed by trees was not necessarily elevated by N addition, as the foliar P concentration obviously reduced with N addition (Fig. 1) . Our results reflect that fertilization and other human disturbances can increase the availability of one nutrient element and simultaneously decrease the availability of other nutrient elements, which makes the responses of plants to soil nutrient availability confounding. In the present study, SLA declined and LDMC increased with N addition, suggesting that leaf photosynthetic capacity could decline with N addition, although the growth of needles was promoted by N addition, as indicated by the higher individual leaf dry weight in the N addition treatment. Currently, the effects of soil nutrient availability on the SLA of trees are contrasting. Some studies observed an increased SLA in response to improved nutrition 23, 24, 38 , and the increased SLA was often explained by lower light availability in the canopy of the more fertile stands 35 . The decreased SLA and increased LDMC with fertilization shown in the present study were consistent with other previous studies 25, 27, 39 , while the underlying mechanisms are largely unknown. In the present study, the constraint of leaf photosynthetic capacity by P deficiency resulting from N addition is a possible explanation for the decreased SLA.
Correlation analyses showed a stronger correlation between foliar P and soil available P than that between foliar N and soil inorganic N. Moreover, SLA and LDMC correlated more strongly with soil Olsen-P than with soil inorganic N ( Table 2, Fig. 3 ). These results are consistent with our third expectation, and demonstrate that SLA and LDMC are more strongly controlled by soil P availability than by N availability. The soil at our study site is a poor sandy soil with very low N and P availability. N addition significantly increased soil inorganic N concentration but simultaneously reduced available P concentration, which consequently increased foliar N and reduced foliar P concentrations (Fig. 2) . Therefore, P limitation was aggravated by N addition and understory removal in the Mongolian pine plantation. Restriction of photosynthetic capacity by P, rather than by N, was also observed in previous studies on Pinus sylvestris at nutrient-poor sites 29, 39 . Both N and P play important roles in photosynthesis. However, the initial requirement of P for plant growth may be larger than that of N, because a larger relative part of foliar P, than of N, is in the nucleic acids that are required for the synthesis of proteins. Moreover, N-use efficiency is dependent on P availability, since proteins include most of the leaf N 40 . SLA and LDMC are key traits indicating plant nutrient use strategy 17 . High SLA and low LDMC represents rapid nutrient acquisition and high biomass production, which is advantageous for plant growth in nutrient-rich environments, while low SLA and high LDMC represents the efficient conservation of nutrients and thus are advantageous for plant growth in nutrient-poor habitats 17, 40 . The reduction in SLA and the increase in LDMC often imply the deterioration of environmental conditions, as plants shift their growth strategy towards a more conservative way 41 . Therefore, our results reflect that N addition and understory removal have adverse effects on the growth of the Mongolian pine, despite the fact that they can improve short-term tree growth. Under increasing atmospheric N deposition, measures should be taken to keep the balance between N and P supply and thus maintain the sustainable development of plantations, particularly those established on soils with low P availability. The balance between soil N and P supply can be achieved by increasing P availability through fertilization, or allevating the effects of N addition on P availability through measures that regulate soil pH, such as liming. Understory removal also negatively affected the leaf growth, reflecting the positive role of understory vegetation in maintaining long-term nutrient supply, and thus understory vegetation is suggested to be preserved in forest plantations on nutrient-poor soils.
Our results demonstrate that LDMC was more responsive to variations in soil nutrient availability than SLA, as suggested by the much stronger correlation of soil Olsen-P with LDMC than with SLA (Fig. 3) . These results were consistent with previous studies, which demonstrated that LDMC was more easily and accurately measured, less variable between replicates, and less dependent on leaf thickness than SLA 17, 30, 42 . Large between-replicate variation in SLA was also observed in the present study, which can be caused by variation in leaf thickness, and even errors in the measurement of leaf area or volume 17 . As a component of SLA, leaf thickness primarily varies with light intensity instead of soil fertility 31 . Enhanced nutrient supply generally results in greater within-canopy shading because of increased foliar growth, and thus causes the reduction in leaf thickness 39, 43 . This source of variation in leaf thickness could be an important interference to the actural response of SLA to soil fertility 17, 31 . LDMC defines leaf construction cost and reflects the investment of dry matter for the expansion of leaf area. Thus, LDMC theoretically plays a central role in nutrient economy by determining the rate of biomass growth and turnover, which was supported by the observations that low LDMC was associated with high growth rate and short leaf life span 16, 20 . So, our results support that LDMC is a better predictor of plant nutrient economy and growth rate in response to variations in nutrient availability than SLA.
Needle age not only had greater direct effects on the values of leaf traits than the treatment effect but also influenced the sensitivity of the of leaf traits to variations in soil nutrient availability, especially for SLA and foliar N concentration in the present study (Fig. 2) . Previous year's needles (in particular 2-year-old needles) were generally more sensitive to variations in soil nutrient availability than current-year needles, which was in agreement with our expectation. The nutrient reallocation among different-aged leaves is an important way in which plants adapt to varying environments 44 . The decline in SLA and increase in LDMC with increasing needle age explained why the young needles had higher photosynthetic rates and were more productive than the old needles 45, 46 . Under conditions of nutrient shortage, leaf photosynthesis depends on the supply of the nutrients 47 . To maintain a favorable N:P ratio and metabolic activity of new leaves, and thus sustain new foliage production, nutrients were transferred from old leaves or other tissues to new leaves 32, 48 . This internal nutrient transfer was also supported by our results that N and P concentrations declined with increasing needle age. Therefore, the internal transfer of nutrients among different-aged needles made the SLA and N concentrations of current-year needles of Mongolian pine relatively stable against the variations in nutrient supply. Our results suggest that the previous year's needles should be taken into account when investigating leaf responses to variations in soil fertility, as they are more sensitive to variations in soil nutrient availability and account for a large proportion of total foliage biomass.
In summary, this study found that five years of N addition significantly elevated LDMC and reduced SLA in a young Mongolian pine plantation, which can be largely ascribed to the intensified P deficiency resulting from the N addition. Understory removal had weaker effects than N addition. Given that SLA and LDMC are key traits indicating plant nutrient economy and growth rate, our results suggest that N addition and understory removal can have adverse effects on the growth of Mongolian pine established on soils with low available N and P. Thus, in order to maintain the sustainable development of forest plantations under increasing atmospheric N deposition, measures are required to keep the balance between N and P supplies. Additionally, LDMC correlated more closely with soil available P than SLA, suggesting that it is a better predicator of variations in nutrient availability than SLA. The previous year's needles were more sensitive to variations in nutrient availability than the current-year needles for nutrient-dependent leaf traits, and thus should be taken into account when investigating leaf responses to variations in soil fertility.
Materials and Methods
Site description and experimental design. The study site is located at the Daqinggou Ecological Station, Institute of Applied Ecology, Chinese Academy of Sciences (42°58′N, 122°21′E, 260 m asl). The site is located in a semiarid region, and has a temperate climate. The highest and lowest average monthly temperatures were 23.8 °C in July and −12.5 °C in January, and the average annual temperature at the site was 6.4 °C. The average annual precipitation was 450 mm, with over 60% of the total precipitation occurring from June to August. The soil is a nutrient-poor sandy soil developed from eolian deposit (Typic Ustipsamment), with 90.9% sand, 5.0% silt, and 4.1% clay.
In April 2011, we selected a 13-year-old pure Mongolian pine plantation for the manipulative experiment. Mongolian pine was the main afforestation tree species in northern China in past decades for soil conservation purpose. The plantation was established with 2 m × 5 m spacing on degraded grassland with flat topography. The canopy closure was 60%, the average tree height was 3.9 m, and the stem diameter at breast height was 7.0 cm at the onset of the experiment. . An equal amount of water was spread in the control and U− plots. For the understory removal, at the beginning of the experiment, a 50% (w/v) acetochlor solution was spread evenly in U− and N + U− plots to kill the understory vegetation. Afterward, the remaining and recolonizing understory vegetation was removed by hand monthly during the growing season. The acetochlor is easily degraded, and it has minimal impacts on soil ecosystems 49 .
Foliage sampling and measurements. In August 2016, three trees were randomly chosen in each plot to collect needles. To avoid excessive defoliation and effects of crown position, eight branches were selected in different directions in the middle layer of the tree crown for each sampling tree. All the needles were classified by age class (including the current-year; 1-year-old; 2-year-old; and 3-year-old) and approximately 200 bunches of fully expanded, fresh needles for each needle age in each plot were homogenized by plot. Thirty bunches of fresh needles were selected to determine the leaf dry matter content (LDMC, mg·g ) and individual needle dry weight (mg). First, we measured the length of each fresh needle with a vernier caliper, and then measured the total volume of the 30 bunches of needles using the water displacement method 50 . Then, the needles were placed in distilled water for 12 h in the dark prior to the measurement of turgid leaf weight. Finally, we measured the dry weight of the needles by oven-drying the needles at 65 °C to a constant weight. The SLA was calculated as the ratio of leaf area to leaf dry weight, and leaf area was calculated using the following equation 50 :
where LA is leaf area; L is the average length of needles; π = 3.14; n is the number of needles per bunch (the value is 2 for Mongolian pine); and V is the volume of needles. All the oven-dried needles were then ground for nutrient analysis. Total N and P concentrations in the needles were determined using a continuous-flow autoanalyzer (AutoAnalyzer III, Bran + Luebbe GmbH, Germany) after digestion in 5 ml H 2 SO 4 with a catalyst (mixture of CuSO 4 and K 2 SO 4 )
51
. The crown average value of each leaf trait was calculated as the sum of the value of each age class multiplied by its mass proportion in the total leaf biomass.
Soil sampling and measurements. At the same time as foliage sampling, surface mineral soils (0-10 cm)
were collected using a soil corer with an inner diameter of 2.5 cm. 30 soil cores were collected from each plot and homogenized into one sample. Soil samples were sieved through 2 mm mesh and divided into two subsamples: one subsample was air-dried for the determination of soil pH, soil organic C, total N, total P and Olsen-P; the second subsample was stored at 4 °C for less than 5 days until the measurement of soil water content, microbial biomass C, NO 3 -N and NH 4 + -N. Soil water content was measured from mass loss after drying at 105 °C to a constant weight. Soil pH was measured with a pH meter in a 1:2.5 soil/water suspension 51 . Soil organic C was determined by the H 2 SO 4 -K 2 Cr 2 O 7 oxidation method 52 . Soil total N and P concentrations were determined using a continuous-flow autoanalyzer (AutoAnalyzer III, Bran + Luebbe GmbH, Germany) after digestion in 5 ml H 2 SO 4 with a catalyst (mixture of CuSO 4 and K 2 SO 4 ) 51 . Soil Olsen-P concentration was analyzed colorimetrically using the molybdate blue method after the soil was extracted with 0.5 mol L −1 NaHCO 3 at pH = 8. 
Statistical analysis.
To test the effects of N addition (N), understory removal (U) and their interactions (U × N) on the soil properties and crown average values of leaf traits, we performed the analysis of variance (ANOVA) using a general linear model with N and U as fixed factors, and the block as a random factor. In addition, post hoc multiple comparisons of means were used to compare differences among all the four treatments using the least significant difference (LSD) test. All data were tested for homogeneity of variance before performing ANOVA. We examined the relationship among soil properties by Pearson's correlation analysis and principal component analysis (PCA). Soil data were ln (x + 1) transformed during PCA analysis. Relations between needle traits and soil nutrient availability (as indicated by soil inorganic N and Olsen-P), were also examined using the Pearson's correlation analysis. ANOVA and correlation analyses were conducted with SPSS software (16th edition, Chicago, USA), and PCA was performed on CANOCO 4.5 software. Differences obtained at p < 0.05 were considered significant.
